Abstract. Prime number theorem asserts that (at large x) the prime counting function π(x) is approximately the logarithmic integral li(x). In the intermediate range, Riemann prime counting function Ri
Introduction
In his celebrated 1859 note about the prime counting function π(x), Riemann concludes
The thickening and thinning of primes which is represented by the periodic term in the formula has also been observed in the counts of primes, without, however, any possibility of establishing a law for it having been noticed. It would be interesting in a future count to examine the influence of individual periodic terms in the formula for the density of primes [1, p. 305] .
It is known that the periodic terms Ri(x ρ ) at the critical zeros ρ of the Riemann zeta function ζ(s) are responsible for the inaccuracy of Riemann prime counting function Ri (N ) (x) = N n=1 µ(n) n Li(x 1/n ) (where µ(n) is the Moebius function) in the approximation of π(x), the number of primes up to x [4, eq. (4)]
But even the account of the first 200 periodic terms performed in the approximation of π (10 20 
This improvement is observed at all values x = 10 i , i ≤ 25, where π(x) is exactly known (see Sec. 2).
One is fortunate to have now at our disposal two distinct (but closely related and surprisingly almost equal) formulas π 1 (x) and π 2 (x) to approximate the prime counting function in the unknown range of values such as 10 i , i > 25. We can use either formula to explore the unknown range of values such as x := 10 i , i > 25. Specifically li(10 50 ) = v 862622818995697067491328,
where v means 876268031750784168878176. In this short paper, we pursue the calculations of π(x) ∼ π 1 (x) started in [3] and compare it to the Gram formula based approximation π 2 (x) by having recourse to the explicit Von Mangoldt formula for the Chebyshev function ψ(x) and taking into account the first 2 × 10 6 critical zeros of the Riemann zeta function [2] . These calculations are well in the spirit of the aforementioned quote of Riemann since the approximate value of π(x) explicitly depends on the zeros ρ through ψ(x). The function li[ψ(x)] also relates to Riemann hypothesis through the modified Robin's criterion [3, Corollary 2], [5] so that we are close to this important topic as well.
It is claimed in the introduction that π 1 (x) and π 2 (x) provide a much better fit (two to four digits better) than li(x). It also provides a much better fit than the Gram formula for Ri(x) as shown below. We used the first 7×10
5 zeros ρ calculated in [2] to evaluate ψ(x) and the corresponding approximations π 1 (x) and π 2 (x) from the explicit Von Mangoldt formula
ψ(x) = ψ 0 (x) when x is not a prime power and Clearly the shift from π(x) of the approximation π 1 (x) and π 2 (x) is lower, sometimes with two orders of magnitude, than the shift from Ri(x) with respect to π(x), as expected.
It turns out that π 2 (x) = π(x) at all powers of 10 up to 10 6 . But there exists plenty values of x < 10 6 where π 2 (x) = π(x). This occurs over thick intervals starting at squares of primes p 2 with p ∈ {13, 19, 23, 31, 47, 53, 61, 71, 73, 79, 83, 89 · · ·}. The first 7 primes in this sequence are associated with prime gaps (OEIS sequence A134266) but the rest is not recognized and quite random.
The values of π(10 i ) at i > 25 are not known. An approach to approximate 10 26 is given in [6] . It is already interesting to guarantee which digits of li(x) are exact and which ones can be added. Our approximation based on π 1 (x) ∼ π 2 (x) defined in the introduction allows to solve this challenge as soon as a sufficient number of critical zeros of ζ(s) are taken into account. As before, we used the first 2×10 6 zeros calculated in [2] to evaluate ψ(x) and the corresponding approximations of π(x). The results are listed below. In the array, the prefix that belongs to li(x) is denoted w and three to four exact digits that do not belong to li(x) can be guaranteed; for further comments compare the evaluation of π(10 50 ) shown in the introduction. 
Approximation of π(x) where ψ(x) is exactly known
To check the validity of prime counting functions π 1 (x) and π 2 (x) it is good to compute them at values where the Chebyshev function ψ(x) is exactly known, that is, irrespectively of the knowledge of the critical zeros ρ. Exact values of ψ(x) at selected high values of x, with 10 6 ≤ x ≤ 10 15 are given in [10] . In this subsection we restrict to the calculation of the Gram formula based approximation π 2 (x). But similar observations hold for π 1 (x).
In the following two lists, π It is clear that, while the shifts are almost equal (and very small) at the beginning of the lists, they are higher at the end of the lists, and they differ substantially (about one order of magnitude) in the two.
These calculations reinforce our confidence in the efficiency of the prime counting function π 2 (x) in that the remaining inaccuracy of π 2 (x) partially arises from the possible inacurracy of the calculation of ψ(x) by the explicit formula. Unfortunately, at high values of x, the time for computing ψ(x) becomes as prohibitive as the time for computing π(x) [10] , and this is why the approximation of ψ(x) based on the explicit formula remains extremely useful.
Looking at the relative error ǫ :
, over the range of the above explored values 10 6 < x < 10 25 , one gets 0 ≤ |ǫ/η| < 6.5×10 −3 but the average ratio |ǫ/η| is about 1.2×10 −3 . This represents an improvement of about three orders of magnitude of the prime counting function π 2 (x) compared to li(x). Depending on the selected value of x, three to four new exact digits are obtained from π 2 (x) compared to li(x) as shown in the previous sections.
Hints about the function li(ψ(x)) and RH
Littlewood established that the function π(x)−li(x) changes sign infinitely often. But it is known not to occur before x = x 0 ≈ e 727 , a so-called Skewes' number [8] . Asymptotically, one has x ∼ θ(x) ∼ ψ(x), where θ(x) = p≤x log p is the first Chebyshev function. But Robin proved the statement [5] ǫ θ(x) = li[θ(x)] − π(x) > 0 is equivalent to RH.
As a corollary, the statement ǫ ψ(x) = li(ψ(x)) − π(x) > 0 is also equivalent to RH as was already observed in [3] . As we arrived at the excellent counting functions π 1 (x) and π 2 (x), themselves functions of ψ(x) and thus explicitly related to the zeros of ρ of the Riemann zeta function, it is quite satisfactory to be back to the spirit of Riemann's program of counting the prime numbers.
One would of course like to have a rigorous proof of this, but I have put aside the search for such a proof after some fleeting vain attemps because it is not necessary for the immediate objective of my investigation [1, p. 301] .
To conclude, Riemann prime counting function Ri(x) can be much improved by replacing the variable x by the Chebyshev function ψ(x), but it is challenging to understand the origin of this seemingly "explicit formula" for π(x).
